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Abstract

Standpipes are used for the transfer of solidsin circulating fluidized bed (CFB)
systems. Though standpipes are essential to the operation of these industrially important
systems, their hydrodynamics are poorly understood. In thisresearch we have applied
the one-dimensional mixture momentum balance to the standpipe. Neglecting the effects
of acceleration, we have determined that the important forces are the gas phase pressure
drop, weight of the bed, solid phase pressure drop, and the wall shear stress. The wall
shear stress has been measured utilizing a new instrument developed jointly by WV U and
NETL in Morgantown, called the shear vane. Since al other portions of the momentum
balance are directly measured, the solids phase pressure drop was inferred as being the
residual portion of the momentum balance. Correlations of these forces are included in
this paper for aregimethat is either packed or transitionally packed. An attempt to
model shear stress and solids pressure has also been made assuming the wall shear stress
isdirectly proportional to the solids pressure by a coefficient, a. Such arelationshipis
commonly used in bulk solid mechanics. From theory, it should allow us to predict the
wall shear stress and solids pressured drop strictly from knowledge of the solids density
and pressure drop along the standpipe height. Using this relationship, the estimated
values of shear stress are up to 3 times the values measured. Further, the values of solids
pressure estimated independently of shear stress measurements are up to half those

predicted using measured values of shear stress. We anticipate the deviation between the



values will diminish once we have refined our measurements of the shear stress and have
concurrently determined the coefficient, a, using a more accurate independent laboratory

technique.

I ntroduction

The use of a standpipe for inerting and recirculation of solidsto afluidized bed
riser reactor provides an attractive alternative for control of solids circulation within a
circulating fluid bed process. An understanding of hydrodynamics of gas and solids flow
in the standpipe is needed to assure optimization of solids circulation with minimum
dilution of product gas.

A circulating fluidized bed facility at the National Energy Technology Laboratory
(NETL) is used to obtain the standpipe operational datafor thisstudy. NETL sunitisan
atmospheric, cold flow, circulating fluid bed with a 12-inch (0.3048 m) diameter riser of
50-foot (15.24 m) height. The nominal solids circulation rate is 40,000 Ib/hr (18,144
kg/hr). The 10-inch diameter standpipe is instrumented with aeration flow loops,
differential pressure transmitters, load cells and a solids circulation (flow meter) velocity
vane.

An appropriate model of forcesin a standpipe is developed to close the force
balance for the gas pressure, solids phase pressure, wall shear force, and solids body
forces measured during operations of the circulating fluidized bed. The force balance
model is applied over awide range of continuously controlled solids circul ation rates,

riser inventories and standpipe aeration conditions.

Theory

To adequately model the hydrodynamics for standpipes we must first understand
the important forces that contribute to the momentum balance. In our study we have
investigated the wall shear stress and solids pressure gradient. These are two important
forces that have little experimental information availablein the literature. Consider the

section of standpipe in the Figure 1 below.



Figure1: Standpipe Force Balance
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The momentum balance on the total mixtureis as follows:
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Thefirst two terms are the accumulation of momentum for the gas and solids phase, and
because the system is assumed to be in steady state, they are assumed to be zero. The
remaining two terms stand for the net outflow of momentum. If we assume plug flow
and that bulk density is constant across the cross section, the net outflow of momentum

can be expressed by equation (2).
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If thereis steady state flow and the solids volume fraction is constant, then the velocity in

equals the velocity out and the right hand side of equation (2) is zero.



The right hand side of equation (1) isthe, sum of the forces, can be expanded as

follows:
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This equation shows that the forces acting on the control volume are gas phase pressure,

0

solids phase pressure, gas-wall shear stress, solids-wall shear stress, gas phase weight,
and solids phase weight.

Dividing by Az, and taking the limit as Az goes to zero resultsin:
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The wall shear stress and body force terms are considered small for the gas phase and are

ignored (Jones 1985, Picciotti, 1995), leaving equation (4) in terms of process variables.
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The gas pressure drop is experimentally determined using differential pressure
transducers and the weight of the bed is determined by assuming solids volume fraction
deviates little from the packed state. Shear stress measurements are obtained with the
shear vane discussed in the experimental section. The solids pressure was the only term
not measured directly. However, it can beinferred by difference from the other
measurements. Rearranging equation (3) and neglecting gas phase wall shear stress and
gas phase body force results in equation (6).
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Solids wall shear stress and solids phase pressure can be estimated independently

of our shear stress measurements. EXisting theory states that the wall shear stress and

axial solids pressure should be related according to equations (7) through (9). Note that

/K isthe Janssen coefficient (Jones 1985, Davidson 1990, Picciotti, 1995).
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The constant, a, isa property of the bed material. Picciotti, 1995 describesit as
representing the material’ s resistance to flow. He further statesthat it balances the
internal property of the solids to sustain motion with the external resistance to stop
motion. A higher value of a gives ahigher resistance. The constants é and &, are the
internal angle of friction and angle of wall friction respectively.

We have determined a by measuring é and d,, using an approximate visual
experiment (Zenz, 1960). By substituting equation (7) into equation (5), the following
expression is obtained after mathematical manipulation (Picciotti, 1995).
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Assumptions made in the derivation of this equation are constant solids volume
fraction, constant gas pressure drop per unit length, and that the bed isin an active state
of stress. Because of the assumption of constant gas pressure drop per unit length, this
eguation is applied over several small sections of the standpipe where measured values of
the gas pressure are known and the incremental values of the solids pressure along the
standpipe can therefore be determined. The procedure used to determine the solids
pressureis a step wise one, starting at the top of the bed. Assuming a zero solids pressure
at the top of the bed, a solids pressure at some interval into the bed is calculated. Using
this solids pressure at the bottom of the first interval as the top pressure for the next
interval, solids pressures are calculated until the location of intent is reached. Also,
equations (7) and (5) can be used together to estimate a solids wall shear stress.

Two different methods have been presented to estimate solids phase wall shear
stress and solids phase pressure drop. Thefirst isto experimentally measure gas phase
pressure and solids phase shear stress of the control volume, and then to use these
measurements to cal cul ate the solids phase pressure drop assuming a constant solids
volume fraction and using equation (6). The second method isto measure solids phase
pressure drop at increments along the standpipe and measure the height of the bed. Then
equation (10) is applied successively down the standpipe until the solids pressure across

the control volume of interest is known. These solids pressure val ues can be used with



equation (7) to find shear stress. Take note that the second method is independent of
direct shear stress measurements, and that both methods assume a constant solids volume
fraction.

Experimental Set-up

Circulating Fluidized Bed: All experimental work was carried out at the DOE’ s National
Energy Technology Laboratory located in Morgantown, WV. The CFB is configured as
shown in the Figure 2, and is one of the three largest cold flow public sector facilitiesin
the U.S.A. that generates data for public distribution. Theriser is 12-inch (30.48 cm) |.D.
and 50 ft (15.24 m) in height with a standpipe |I.D. of 10-inch (25.4 cm). Circulation
rates of 120, 000 Ib/hr (54,431 kg/hr) have been reached with a nominal rate of 40,000
Ib/hr (18,144 kg/hr). The system israted at 100 psi (690 kilo-pascals), but most of the
tests for this study are carried out at near atmospheric pressure and ambient temperature.
The standpipe and riser are equipped with differential pressure transducers at increments
along the height. Mass flow controllers meter the aeration to the standpipe for control of
the solids flowrate. Solids are transported from the standpipe to the riser through afully
fluidized nonmechanical valve. The effluent solids stream from the riser is separated

from the carrier gasesin primary and secondary cyclones and returned to the standpipe.



Figure2: NETL Circulating Fluidized Bed
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Bed Materials and Properties: The material utilized in this study is coke breeze. The
material isaGeldart Group B (Gidaspow, 1994) with an average particle diameter of 250
micron. Itsbulk density is 54-56 Ib/ft* (865-897 kg/m®) with a particle density of 110.8



Ib/ft3 (1,762 kg/m®). Void fractions under vibrated and minimum fluidization conditions
were measured as 0.50 and 0.56 respectively. The minimum fluidization velocity is
0.072 ft/s (0.022 m/s) with a sphericity of 0.84. Utilizing the technique of Zenz (1960),
the internal angle of friction, 8, has been estimated to be 73-77°. The angle of wall
friction, dy, of the shear vane, which is fabricated of galvanized sheet metal, was
estimated as 30-35°. Using equations (8 and 9) the value of alpharanges from 0.008 to
0.015. Thevalue of aphaused inthiswork is 0.013.

Description of Shear Vane: The shear vane is a device used to measure shear stress
within the standpipe, developed concurrently by WVU and NETL. Itisathin, flat meta
sheet suspended from a 10 |b load cell probe. The load cell measures the weight of the
vane plus the forces the bed particles exert on it as they move past it. Thevaneis
inserted radially and hangs along the centerline of the standpipe. The top of thevaneis
located about 7.7 feet (2.35 m) from the bottom of the standpipe. See Figure 2 for the
control volume of interest. The vaneis 3 inch (7.62 cm) in width, 24 inch (60.96 cm) in
length, and 1/32 inch (0.79 cm) in thickness. See Figure 3. The active area of the shear
vaneis 1/5" the surface area of the 10" pipe per unit length. It is assumed that the shear
stress measured by the vane along the centerline of the pipe is the same as the shear stress
at thewall. Thisisareasonable assumption if we assume plug flow in the standpipe.

Figure 3: Shear Vane Schematic
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Experimental Results

The mass flowrate of solids through the standpipe is a function of the amount of
air used in partia fluidization. Figure 4 isatypical plot showing how the circulation rate
varies with amonotonic increase in aeration. The flowrate of air was ramped from 55 to
405 scfh at arate of 20 scfh/min. It has been shown at NETL that at this gradual ramp
rate, measured variables obtained from the CFB reflect a near steady state relationship.
That is, the time dependent effects can be neglected. The controlling dependence of
circulation rate on standpipe aeration is quantified with a new solids flow measurement
device, developed at NETL (Ludlow, 200).

Figure4: Solids Circulation versus Aeration (monotonically increasing with time)
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Figure 5 illustrates how the gas phase pressure drop, wall shear stress, and solids
phase pressure drop vary as afunction of solids circulation. The bulk density of the bed is
assumed constant in this plot. All of the forces relate to the control volume of interest
highlighted in Figure 2. To compare the relative magnitude of these forces the aeration
rate was ramped from 55 to 405 scfh. This datais taken from the same ramp in Figure 4.
During the ramp the gas phase pressure drop ranged from 2 to 21% percent of the total



force, and the wall shear stress ranged from 27 to 6%. The solids phase pressure did not
vary much from 25% of the total force. Because solids pressure is estimated by
difference (equation (6)), the weight of the bed never changed appreciably from 50% of
the total force. Take note that solids pressure was not measured, it was calculated from

equation (6).
Figure5: Momentum Balance Components versus Solids Circulation
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Figure 5 shows us that the shear stress and solids phase pressure drop are major
components of the mixture momentum balance that must be quantified if we are to have a
thorough understanding of standpipe hydrodynamics.

Figure 6 graphs the solids phase pressure drop as determined experimentally by
difference and from equation (10) versus solids circulation. The two methods utilize
experimentally determined gas pressure drop and assume a constant void fraction. Solids
pressures calculated using equation (10) are lower in value then the solids pressure from
shear stress measurements, but follow a similar trend at solids circulation rates larger then
10,000 Ib/hr. The two methods come closer together for solids circulation rates less then
10,000 Ib/hr. However, for lower circulation rates the method using equation (6)

10



increases with increasing mass circulation, while the method using equation (11)

decreases with increasing mass circulation rate.

Figure6: Estimated Valuesof -APJL versus Solids Circulation

60

50

N
o

Inferred from direct shear stress measurements, equation (6)

-APJL Ib/ft
w
o

20
"'.
10 Based on Pressure Drop and Weight of the Bed Alone, m-“
equation (10)
0 T T T T T T T T

1,000 6,000 11,000 16,000 21,000 26,000 31,000 36,000 41,000
Solids Circulation, Ib/hr

In Figure 7 we have plotted predicted and measured values of the shear stressas a
function of solids circulation rate. Again the predicted values were obtained using
equations (6) and (10). Here the predicted values over estimated the measured values,
and similar to the solids pressure, the results show very different trends at mass
circulation rates below 10,000 Ib/hr where the measured values drop more steeply with

increasing mass circulation.
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Figure7: Measured and Estimated Values of -4ts,/D versus Solids Circulation
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Dynamic Exhibited by Model

Having made the assumption of steady state condition with no solids acceleration
presented above serves to allow solids pressure and shear force to be quantified. A
dynamic model was then developed to retain the mass acceleration term. Asasimplistic
evauation, the model was developed from aforce and momentum balance for two
segments of a standpipe.

12



Figure 8: Dynamic Moving Bed Forces
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Results of the dynamic model of the solids pressure between coupled standpipe
segments show sustained oscillations originating within the standpipe force balance in
Figure 8 with otherwise steady state conditions of aeration and solid inventory. The
resulting solids velocity of this simple model exhibits similar sustained dynamic observed
in Figure 4 circulation rate. Further experimental measurements are underway to validate
this form of shear stress dynamic chaos.

Conclusions

Solids wall shear stress has been experimentally measured. Based on these
measurements, solids phase pressure has been estimated. From these estimates solid
phase pressure and solids wall shear stress are important forces in the momentum balance
that cannot be ignored. Shear stress ranges from 27 to 6% of the total force on a control
volume of bed material in which the aeration was ramped from 55 to 405 scfh. Solids

pressure was approximately 25% of the total force.
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An attempt to estimate solids wall shear stress and solids pressure independently
of shear stress measurements has been made. These estimates show similar trends to the
measured shear stress for mass circulation rates above 8,000 Ib/hr. However, the values
of shear stress estimated are up to 3 times the values measured. Further, the values of
solids pressure that are estimated independently of shear stress measurements are up to
half those predicted using measured values of shear stress. We think these differences
will diminish once we have refined our measurements of solids wall shear stress and the

coefficient, a.
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Nomenclature

Surface area of the control volume
Diameter of the standpipe
Acceleration due to gravity
Universal gravitational constant

Forces acting on the control volume in the z-direction

Height of standpipe
Janssen coefficient
Length of the control volume

Mass flowrate of gas phase

Mass flowrate of solids phase

Outward drawn normal unit vector

Gas phase pressure

Solids phase pressure

Solids phase pressure in the axial direction
Volume of control volume

Gas phase velocity vector

Gas phase velocity in the axial direction
Solids phase velocity vector
Solids phase velocity in the axial direction

Resistance of the materia to flow
Internal angle of friction

External angle of friction

Void fraction of gas phase

Volume fraction of the solids phase
Density of gas phase

Density of solids phase

Solids wall shear stress
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